Manganese is an essential metal that participates as a co-factor in a number of critical biological functions such as electron transport, detoxification of free radicals, and synthesis of neurotransmitters. Like other heavy metals, high concentrations of manganese are toxic. For example, chronic overexposure to manganese leads to movement disorders. In order to maintain this balance between being an essential participant in enzyme function and being a toxic heavy metal, a rich biology has evolved to transport and store manganese. Paramagnetic forms of manganese ions are potent MRI relaxation agents. Indeed, Mn 2+ was the first contrast agent proposed for use in MRI. Recently, there is renewed interest in combining the strong MRI relaxation effects of Mn 2+ with its unique biology in order to expand the range of information that can be measured by MRI. Manganese Enhanced MRI is being developed to give unique tissue contrast, assess tissue viability, act as a surrogate marker of calcium influx into cells and trace neuronal connections. In this article we review recent work and point out prospects for the future uses of manganese enhanced MRI.
INTRODUCTION
In 1973, Paul Lauterbur published his seminal paper entitled, "Image formation by induced local interactions: examples employing nuclear magnetic resonance" [1] . This paper laid down the basic strategy that has evolved into modern MRI. Explicit in the title was the notion that a new type of imaging was proposed, one that relied on direct monitoring of induced local interactions, in this case the magnetic resonance frequency of water hydrogen atoms in an externally applied magnetic field gradient. At the time of Lauterbur's work, the notion to image water distribution seemed to be limited for medical applications because water density varied by only a small degree in tissues. However, by that time there were already results that demonstrated that magnetic resonance relaxation times of water were different in different tissues and might be altered by pathology [2] . To demonstrate that relaxation times could affect the intensity of images acquired using his new imaging strategy, Lauterbur used the well know ability of the paramagnetic ion, Mn 2+ to alter the longitudinal relaxation time of water [1] . Thus, in one paper, Lauterbur demonstrated a new imaging technique and a strategy to alter contrast with exogenous agents. Today there are over 60 million MRI exams per year and approximately 25% rely on adding contrast [3] .
The vast majority of the clinically useful MRI contrast is gadolinium based, however, there has been a renewed interest in the use of Mn 2+ as contrast agent in MRI of animal models. This recent work is motivated by the growing interest in developing MRI techniques that are sensitive to specific molecular processes. Mn 2+ is a co-factor for a number of enzymes, including superoxide dismutase and glutamine synthetase [4, 5] . As an essential heavy metal there are specific proteins for the transport of Mn 2+ . Mn can enter cells using some of the same transport systems as Ca 2+ [6] [7] [8] and it can bind to a number of intracellular sites because it has high affinity for Ca 2+ , and Mg 2+ binding sites on proteins and nucleic acids. When oxidized to Mn 3+ , it can mimic iron and bind to transferrin and be stored in ferritin [9] .
The rich biology of Mn 2+ combined with its ability to act as an MRI contrast agent offers a large number of possibilities for using Manganese Enhanced MRI (MEMRI) to probe tissue function. Work has been performed demonstrating that MEMRI may be useful to report on cell viability [10, 11] . The activity of brain and heart has been monitored with MEMRI due to the ability of Mn 2+ to enter excitable cells on voltage gated calcium channels [12] [13] [14] [15] [16] . When applied to specific regions of the brain, Mn 2+ will be transported in an anterograde direction and cross synapses allowing non-invasive tracing of brain connections with MRI [17] [18] [19] [20] . Finally, Mn 2+ accumulates differently in sub-regions of different tissues leading to MRI contrast that gives a high degree of anatomical detail [21] [22] [23] . Here we review this recent work using MEMRI and discuss some future prospects.
SYSTEMIC ADMINISTRATION OF MANGANESE LEADS TO USEFUL MRI CONTRAST
The earliest work with Mn 2+ as an MRI contrast agent, relied on giving a systemic dose of Mn 2+ (usually as the chloride salt) and monitoring distribution in a number of tissues [24, 25] . Indeed, Mn 2+ accumulates in almost all tissues when administered either intravenously, intraperitonealy, or intramuscularly. Significant accumulation was detected in many tissues such as liver, kidney, heart and brain [24] [25] [26] [27] . At least two important points came from work looking at tissue enhancement with Mn 2+ . First, based on the fact that tissue enhancement lasts long after blood enhancement and that the volume distribution is more like an intracellular agent, it is generally accepted that MRI contrast after systemic MnCl 2 comes from intracellular Mn 2+ [24] [25] [26] [27] [28] . Thus, systemically administered Mn 2+ accumulates intracellularly as opposed to chelated gadolinium based MRI contrast agents that remain extracellular. Proof that Mn 2+ readily enter cells also comes from NMR spectroscopy. Fig.  1C shows a 31 P NMR spectrum from an exposed sheep heart. Peaks due to ATP, phosphocreatine and inorganic phosphate are readily detected. Intravenous administration of MnCl 2 led to a broadening of the phosphate containing metabolites due to the binding of Mn 2+ and shortening of the T 2 relaxation time (Fig. 1B) . Indeed this effect gets so large that the phosphate peaks broaden beyond detection under the NMR conditions used (Fig. 1A) [29] . This happens due to direct binding of Mn 2+ to the intracellular metabolites inside the heart cells. Broadening of phosphorus containing metabolites has been reported from the perfused rat heart as well [30, 31] . The ability of Mn 2+ to broaden NMR peaks has been used to follow the compartmentation of Mn 2+ in yeast, where most of the Mn 2+ is sequestered in the vacuole [32] . A time course of broadening of first extracellular phosphates, followed by cytosolic phosphates and finally vacuolar phosphates enabled the rates of Mn 2+ transport in these compartments to be studied [32] . Thus, the working assumption, and an exciting aspect of analyzing MEMRI based contrast, is that the Mn 2+ is intracellular. Fig. (1) . 31 P NMR spectra from a surgically exposed sheep heart before (C), during (B) and after (A) infusion of MnCl 2 . The intracellular phosphorus containing metabolites, inorganic phosphate (Pi), phosphocreatine (PCr), and ATP broaden until they cannot be detected due to direct binding of the paramagnetic Mn 2+ as it enters the cardiac myocytes.
The second important conclusion from work on systemically administered Mn 2+ as an MRI contrast agent was that it could be used to assess normal tissue function by imaging the uptake of Mn 2+ . Normal uptake into a tissue implies normal function and some abnormalities, for example a tumor or ischemia, should be detected due to differential uptake of Mn 2+ . The use of Mn 2+ as an MRI contrast has been inhibited due to the fact that the doses needed to cause changes large enough to be detected in early studies was toxic in the animal models tested [26] . However, the goal to measure tissue function was pursued by making chelates of Mn 2+ . Manganese dipyridoxaldiphosphate (MnDPDP) is presently FDA approved for liver imaging for negative enhancement of tumors in the liver [33] . In addition, there has been much work demonstrating the usefulness of MnDPDP for imaging cardiac ischemia [10, 11, 28, 34] . While a detailed description of work with MnDPDP is beyond the scope of this review, it is interesting to note that much of the Mn 2+ comes off of the chelate slowly after administration [35] . This means that some of the tissue enhancement detected with MnDPDP was due to Mn 2+ .
The toxicity of Mn 2+ , especially its well known ability to cause movement disorders in people that are chronically overexposed [36] , has led to much interest in using MRI to image the areas of the brain that accumulate high levels of Mn 2+ . Work has been performed in rat [37, 38] , monkeys [39] , and humans [40] , which demonstrated that there is accumulation of Mn 2+ in basal ganglia and other areas of the brain after administration of Mn 2+ . High levels of Mn 2+ in basal ganglia can lead to cell death and cause the Parkinson like symptoms associated with chronic manganese exposure. In addition to helping elucidate the pathophysiology associated with manganese, this work also has led to the notion that systemic administration of Mn 2+ might be a simple way to enhance MRI images of the brain. Indeed, recent work in rat and mouse show that doses of MnCl 2 that due not have toxic effects lead to useful contrast for MRI of the brain [21] [22] [23] 41] . Fig. 2 shows examples of T 1 weighted MRI images from the rat and mouse brain illustrating the anatomical detail available twenty-four hours after an intravenous administration of MnCl 2 . Enhancement of the dentate gyrus and CA formation of the hippocampus can be detected. In addition, deep nuclei can be imaged, as illustrated by the heterogeneous contrast detected in the rat brain image. The mouse brain image illustrates that almost all areas of the brain enhance. Largest enhancement is detected in the olfactory bulb, hippocampus and cerebellum [21] [22] [23] 41] . However, there is large accumulation in many deep brain structures as well. Initially after systemic administration of Mn 2+ there is large accumulation in the choroid plexus and subventricular tissue. The enhancement moves into CSF space and then throughout the brain, while the choroid plexus and CSF return to pre-Mn 2+ intensities [21, 23] . The pattern of MRI enhancement evolves for about twenty-four hours after intravenous administration of MnCl 2 and then reaches the distribution illustrated in Fig. 2 . This distribution remains constant but the enhancement steadily decreases over a twoweek period. The fact that Mn 2+ enhancement can last a long time in a tissue after administration may be a useful property.
At high resolution many details of neuroarchitecture can be detected with MEMRI. Fig. 3 shows that distinct layers in the olfactory bulb and cortex can be detected [22, 23] . To the best of our knowledge this is the first imaging technique that gives such exquisite neuroanatomical detail throughout the brain, non-invasively. An interesting area for further work will be in delineating why Mn 2+ leads to such interesting contrast in the brain. To first approximation, the regions of the brain that have the largest enhancement also have the highest cell density and it may be that cell density alone controls the final contrast. In the sections below we discuss the fact that Mn 2+ can accumulate in cells based on activity and so the activity level of different regions may determine the distribution. Finally, Mn 2+ has differential affinity for different cell organelles and different proteins and this may dictate the distribution of Mn 2+ . Understanding the cellular factors responsible for the enhancement detected in the brain may lead to the use of MEMRI to image changes in these factors. Strong enhancement is detected throughout the brain but higher levels of enhancement in some deep brain nuclei, hippocampus, olfactory bulb, and cerebellum lead to clear delineation of these structures. The rat brain image was acquired on a 4.7T MRI and the mouse brain image on an 11.7T MRI. In both cases T 1 weighted, spin echo images were acquired with a short repetition time of 300 msec. In-plane image resolution is approximately 150 microns with a 500 micron slice thickness in the rat and for the mouse image the resolution was approximately 100 micron isotropic. Adapted from reference 23 and unpublished data courtesy of J.H. Lee. Fig. (3) . Manganese Enhanced MRI of the rat brain twenty-four hours after intravenous infusion of MnCl 2 . A) MEMRI showing a slice through the brain at the level of the somatosensory cortex. Laminar heterogeniety of intensities can be detected in the cortex (arrow) which are assigned to specific cortical layers. B) MEMRI showing a slice through the brain at the level of the olfactory bulb. Again heterogeniety of intensities can be detected that correspond to specific layers in the olfactory bulb. Images were obtained on an 11.7T MRI using a T 1 weighted spin echo MRI sequence at approximately 100 micron resolution. Adapted from reference 23.
Systemic administration of Mn
2+ is useful for imaging other tissues as well. There has been some work imaging the heart after intravenous administration of Mn 2+ in order to compare to MnDPDP [10, 11, 28] . The normal heart rapidly uptakes Mn 2+ and it can be predicted that low flow regions of the heart would take up less Mn 2+ leading to an indicator of ischemia. Indeed. MEMRI has been used to detect ischemia in both the intact and perfused rat and guinea pig heart [10, 11, 28] . Recently, this type of work was extended to the dog heart [42] . Fig. 4 shows T 1 weighted images of heart before, during and after MnCl 2 infusion. In these images the preMn 2+ signal intensity is intentionally set close to zero using inversion recovery so that the images are heavily T 1 weighted. Immediately after infusion of Mn 2+ , the blood in the ventricles and the heart is enhanced. After about 20 minutes the blood returns to pre-Mn 2+ levels due to rapid clearance of the infused Mn 2+ . However, the normal heart tissue remains enhanced compared to the blood due to the intracellular accumulation of Mn 2+ . Using this type of protocol an ischemic region that was induced by ligating the left ascending aorta could be readily detected due to low levels of enhancement after infusion of MnCl 2 [42] . In the mouse heart, the enhancement associated with administration of the Mn 2+ lasted for at least two days [16] and probably lasts much longer. The stability of the intracellular Mn 2+ contrast means that an event, such as cardiac ischemia can be encoded by administering Mn 2+ and then MRI performed later. In this way, MEMRI has memory. Many other tissues such as the pancreas, kidney, pituitary, as well as the liver are known to accumulate Mn 2+ . It will be interesting to see if systemic administration of Mn 2+ to perform MEMRI of these tissues leads to useful contrast for imaging anatomical structure in these tissues.
MEMRI CAN BE USED TO LOCALIZE ACTIVITY
As discussed above, manganese can enter cells and there are a number of transport systems that can carry manganese. One of the most interesting class of transporters that is known to carry Mn 2+ are voltage-gated calcium transporters [6] [7] [8] . [43] . This rate of fluorescence quenching has been used as a surrogate marker to quantitate calcium influx in a variety of cells [44] . With this in mind, Lin et al. developed what they termed Activation Induced Manganese Enhanced MRI or AIM MRI to monitor activity in the brain of rodents [12] . The idea was to perform an intravenous infusion of Mn 2+ while activating the brain pharmacologically or with somatosensory stimulation. Activation should lead to increased Mn 2+ influx on voltage gated calcium channels and thus increased MRI contrast on T 1 weighted images.
Glutamate, amphetamines, somatosensory activation, and awakening from anesthesia all led to large increases of signal in the appropriate regions of the brain [12, 21] . In order to get sufficient accumulation it was necessary to open the blood-brain barrier with mannitol. The Mn 2+ accumulated in active regions on a short time scale (minutes) but once accumulated did not leave for at least two hours. Fig. 5 shows AIM MRI on the somatosensory sytem of a rat. In this case the forepaw and whiskers were stimulated and enhancement was detected in the appropriate somatosensory regions of the cortex as well as the relevant thalamic regions. In addition, enhancement in the ventricles could be detected due to the intravenous infusion of MnCl 2 . In this case the rat had been stimulated outside the MRI and then MRI was performed within half an hour illustrating that Mn 2+ accumulation remained even after activity stopped. This clearly illustrates the memory capability of MEMRI. In this case the local activity of the brain was enocoded by infusing Mn 2+ at the time of stimulation but imaged at a later time. The fact that Mn 2+ enters rapidly but does not leave rapidly is thus an advantage and disadvantage. The disadvantage is that rapid changes in activity cannot readily be followed with Fig. (4) . Manganese Enhanced MRI of the canine heart before (left), during (middle) and 30 minutes after a bolus infusion of MnCl 2 . T 1 weighted images were acquired on a 1.5T MRI using an inversion recovery spin echo with an in plane resolution of 1 mm and a slice thickness of 8mm. Inversion times were set so as to null signal from tissue and blood prior to infusion of MnCl 2 . During infusion of MnCl 2 bright signal is detected in blood and heart but by 30 minutes the blood is back to pre-MnCl 2 intensities but the tissue remains enhanced. Adapted from reference 42.
AIM MRI. The advantage is that Mn 2+ can be given outside the MRI and an image of activity can be frozen at the time of Mn 2+ infusion. Thus it may be possible to give Mn 2+ to animals while they are behaving in a complex environment. A first step was demonstrated when Mn 2+ was given to an awake animal and then imaged under anesthesia to demonstrate activity patterns at the time of delivery of Mn 2+ [12] . AIM MRI has been performed on the somatosensory system of the rat to compare to the more common, hemodynamic based functional MRI techniques (fMRI) [13] . The results indicated that the regions mapped by AIM MRI were roughly the same as with fMRI. AIM MRI had a distribution with higher intensity in layer 4 as opposed to fMRI that detected a higher intensity near the surface where large draining veins are located. This result indicates that because AIM MRI is sensitive to calcium influx rather than hemodynamic changes associated with neuronal activity it may offer a whole brain imaging tool more closely associated with neural activity. Recent work has demonstrated a dynamic AIM MRI technique for the brain that helps reduce non-specific signals associated with AIM MRI [14] . In addition to somatosensory and pharmacological stimulation, a recent paper demonstrated activation of hypothalamic nuclei involved in osmoregulation [15] . The localization of hypothalamic activation detected by AIM MRI showed good correspondence to that detected with expression of cfos. The fact that AIM MRI is sensitive to calcium influx also opens opportunities for studying pathophysiology. An exciting recent result demonstrated this by using AIM MRI to image the excitotoxic phase of stroke [45] . In this case Mn 2+ was infused just prior to performing a stroke in the rat. A large increase in contrast was detected a few minutes after the stroke. This was interpreted to be due to influx of Mn 2+ reporting on the large calcium influx that occurs when there is a large release of glutamate caused by the stroke. It will be interesting to compare AIM MRI views of damaged tissue compared to diffusion and perfusion MRI techniques.
AIM MRI has been demonstrated on other tissues. In the mouse heart the rate of Mn 2+ accumulation was shown to increase with positive inotropic agents that stimulate calcium influx and decrease with calcium channel blockers [16] . Similarly in the perfused heart it has been demonstrated that calcium channel blockers inhibit Mn 2+ influx [8, 31, 46] . The ability of AIM MRI to be sensitive to cardiac inotropy opens possibilities for distinguishing viable from non-viable myocardium and to assess the calcium sensitivity of contraction. Many other tissues should be amenable to AIM MRI where a ligand or electrical activity cause an influx of calcium into cells.
TRACING NEURONAL CONNECTIONS WITH MEMRI
The third property of Mn 2+ that makes it very useful for MRI of the brain is that it will move along appropriate neuronal pathways. Studies have demonstrated this by using radioactive isotopes of Mn 2+ to follow the olfactory pathway in fish and after injection into the rat brain [47, 48] . These studies were designed to determine how environmental Mn 2+ enters the food supply and the mechanism for Mn 2+ distribution in the brain. The combination of the excellent MRI contrast properties of Mn 2+ and the fact that it moves in neurons was first used to perform MEMRI neuronal tracing in the mouse olfactory and visual pathway [17] . Pautler et al. injected concentrated MnCl 2 solutions into the nose and eye of mice and performed MRI for up to 48 hours after injection. MRI enhancement moved from the turbinates to the olfactory bulb and out of the bulb to the primary olfactory cortex. In the eye, MRI enhancement moved down the optic nerve and then into the brain where enhancement of the superior colliculus could be detected [17] . Fig. 6 shows an example of the MEMRI tract tracing in the olfactory and visual system of the mouse.
In addition to tracing neuronal connections, MEMRI can give specific anatomical information. Indeed, one can use the track tracing properties of Mn 2+ to selectively enhance structures of interest. Indeed, in Fig. 6 specific brain structures such as the primary olfactory cortex and superior colliculus are well defined. Thus, the track tracing properties of Mn 2+ enabled the functional architecture to be revealed based on connectivity. The ability to trace neuronal connections noninvasively at such high resolution is a unique property of MEMRI neuronal tracing. Diffusion MRI techniques can follow white matter tracks in vivo [49] , however, they haven't shown the same potential for functional connectivity that MEMRI exhibits. Of course, the major advantage of diffusion MRI tracing techniques is that they are now readily applied in humans. It is not clear whether MEMRI tracing techniques can be used in humans.
The fact that MRI enhancement moves out of the olfactory bulb into the primary olfactory cortex demonstrates that Mn 2+ can cross synapses. The rate of enhancement along the optic nerve was found to move at 2 mm/hour, consistent with Mn 2+ being moved by a fast axonal transport process. Furthermore, follow-up studies showed that calcium channel blockers and microtubule disrupting agents blocked the MRI enhancement in the olfactory system [50] . Taken together these results argue that Mn 2+ first enters neurons on voltage gated calcium channels (the property used for AIM MRI). Once inside of cells, the hypothesis is that the Mn 2+ gets packaged into vesicles that can be transported down an axon. One possibility is that Mn 2+ moves into endoplasmic reticulum (ER) on a recently described Mn 2+ /Ca 2+ transporter, PMR1 [51] , and then is mixed in vesicles as they bud off the ER. Another possibility is that Mn 2+ can be transported directly into vesicles, for example on the heavy metal transporter, DMT1 [52] . A final possibility is that Mn 2+ binds to another molecule that binds or is transported into vesicles. All results to date indicate that Mn 2+ moves in an anterograde direction which implies that the Mn 2+ is entering a subset of vesicles in the cell. To cross a synapse, Mn 2+ must be released and then uptaken by the postsynaptic cell. If
Mn
2+ is packaged in vesicles that contain neurotransmitter then it is easy to envision release into the synapse. Uptake can occur on voltage gated calcium channels on the postsynaptic side. The rate of transport down the axon argues that the transport is the rate limiting process. However, this requires further experimentation. A rate limitation at the synapse might make it possible to use MEMRI to measure changes in synaptic strength.
A number or groups have extended the use of MEMRI for imaging neuronal networks. Similar results described above after injection into the mouse eye have been obtained in the rat [18] . In the rat the innervation of many visual areas was detected, however, there was no evidence of transsynaptic transport in these studies. It will be interesting to see whether the tracing properties of Mn 2+ are general for different neural systems. Using MRI to measure the transport of Mn 2+ down the optic nerve has been shown to be a sensitive indicator of damage to the nerve due to radiation [53] . This result clearly indicates that there will be many useful applications of MEMRI tracing to study damage and repair of neural connections. The fact that MEMRI so clearly enhances specific neuronal pathways in the brain opens up possibilities for verifying and extending the important diffusion based MRI tracing techniques. Two studies have demonstrated this nice combination of MRI techniques to show that diffusion tensor imaging agrees with MEMRI tracing in the visual system of the rat [54, 55] .
Recently, it has been demonstrated in the bird [19] , the monkey [20] , and the rat [56] that direct injections of small volumes of MnCl 2 into the brain can be used to trace connections. In the bird injection into one of the song centers led to delineation of the other centers connected to the injected site [19] . This enabled an anatomical measurement of these centers that normal MRI could not otherwise detect. Exciting preliminary data indicates that Mn 2+ tracing of the song center will be sensitive to changes in size and connectivity of these centers during exposure to specific songs or testosterone [57, 58] . In the monkey, a careful comparison was made between MEMRI track tracing and another anterograde tracer, horse-radish peroxidase [20] . The two techniques were in agreement, in addition, the authors were able to follow the Mn 2+ through multiple synapses indicating that extensive neural networks can be traced. Similar results imaging Mn 2+ movement across multiple synapses was obtained from the rat after injection of Mn 2+ into the amygdala and striatum [56] .
Our working model is that Mn 2+ first enters neurons on voltage gated calcium channels and then is transported in an anterograde direction. This opens up a truly unique experimental design for tracing neuronal connections. It should be possible to have Mn 2+ accumulate in a specific set of active neurons and then trace their connections. This strategy has recently been demonstrated in the olfactory system of mice [50] . In this case a mouse was exposed to Mn 2+ and a specific odor so as to cause Mn 2+ to accumulate in the subset of olfactory neurons in the nose that were activated by the odor. MRI was performed 1.5 hours after exposure to enable the Mn 2+ to move into the olfactory bulb enabling the representation of the odor to be mapped. Fig. 7 shows the results for two odors, a pheromone that caused enhancement in the accessory olfactory bulb and amyl acetate which enhances a region of the bulb in agreement with previous mapping using radiotracer techniques. This result opens up interesting possibilities for having Mn 2+ accumulate in specific regions when they are active and then tracing anterograde connections from these specific areas.
CONCLUSIONS
There is rapidly increasing interest in developing MRI agents that give information about the specific distribution of a molecule or information about a specific biological process [59] . Part of the driving force for this interest in molecular imaging with MRI are the large number of interesting mouse models that are increasingly being analyzed by imaging techniques [60] . It is has become clear that the rich biology of Mn 2+ combined with its potent MRI relaxation properties is leading to exciting new opportunities to probe biological processes in animal models. Presently there are three ways to productively use MEMRI. First, simple systemic administration of Mn 2+ leads to interesting and useful anatomical MRI contrast. The accumulation of Mn 2+ is enabling analysis of anatomical structures by MRI that would otherwise be difficult to detect. The biological basis for the movement of Mn 2+ into tissues and its final distribution needs to be more fully determined and this may lead to opportunities for new imaging strategies.
One well established way for Mn
2+ to enter cells is on voltage gated calcium channels. This has enabled work with MEMRI to probe activity in brain and heart and the general strategy should be useful for a number of other tissues. Further work needs to be performed to clarify exactly which Fig. (7) . Mapping odors onto the olfactory bulb using manganese enhanced MRI. The ability to accumulate MnCl 2 into an active area and then trace connections is illustrated for the olfactory system. Mice were exposed to MnCl 2 and either: A) high pheromone content odor, or B) amyl acetate and MRI was performed 1.5 hours after exposure. Initial accumulation of Mn 2+ occurred in olfactory neurons in the turbinates that responded to the specific odor. Enhancement shown in the bulb developed 1.5 hours after exposure to the odor due to transport of the Mn 2+ . Enhanced areas correspond to regions of the bulb known to be activated by the odors used. The images were obtained on a 7T MRI using a T 1 weighted spin-echo sequence at approximately 90 micron resolution. Adapted from reference 50. channels Mn 2+ can move through to enable AIM MRI to become a quantitative surrogate of calcium influx. There are no widely used non-invasive imaging techniques that monitor the influx of this important second messenger and therefore, there are many opportunities to study the quantitative control of Ca 2+ influx in intact functioning tissues.
The ability of MEMRI to trace neuronal connections is opening up numerous possibilities for non-invasively imaging neural networks. This should enable changes in the brain of an individual animal to be studied before and after a broad range of perturbations such as learning, plasticity, injury and repair. The combination of the ability to control the accumulation of Mn 2+ in one region of the brain based on activity and then image the connections from that area should open novel strategies to study functional connectivity in the brain with MEMRI.
A major challenge for the development of MEMRI is to increase sensitivity so that lower doses of Mn 2+ can be used. Presently the doses used in animals are higher than what can be used in humans. However, a factor of 10 gain in the ability to detect Mn 2+ would make it possible to use MEMRI in humans. Most of the intensity changes being used in MEMRI experiments are on the order of 50-100%. Functional MRI experiments so widely used to map activity in the brain routinely rely on 2-5% changes in MRI intensities. Increasing sensitivity to Mn 2+ to this level will make the broad range of information available from MEMRI in animal models available to help diagnosis, stage, and determine treatment efficacy for human disease.
